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Digital Versus Analog Signal Processing: 
Effect of Directional Microphone 
Michael Valente* 
Robert Sweetov/' 
Lisa G. Potts" 
Becky Bingea : 

Abstract 

Differences in performance were evaluated between the Wide x Senso C8 (omnidirectional) 
and C9 (directional) hearing aids and analog hearing aids currently worn by 40 subjects with 
hearing loss . Subjects were fit with the C8 and C9 using the manufacturer's recommended 
procedure . Differences in performance between the C8 and C9 and the subjects' own hear
ing aids were assessed using the Speech Perception in Noise (SPIN) test administered at 
+7 ,0, and -7 dB signal-to-noise ratio (SNR) with the noise fixed at 65 and 75 dB SPL. Al so, 
a questionn aire was completed assessing differences in preference between the C9 and the 
subjects' own hearing aids. The major finding was the presence of a significant advantage 
of the C9 rel ative to the C8 and the subjects' own hearing aids at each experimental condi
tion. The magnitude of the advantage provided by the C9 increased as the SNR became 
more difficult. However, significant differences were not present between the C8 and the sub
jects' own hearing aids at any experimental condition . The questionnaire revealed a statistically 
significant preference for the C9 in comparison to the subjects' own hearing aids . 

Key Words: Analog, digital , directional , omnid irectional, Senso, signal-to-noise ratio, Speech 
Perception in Noise 

Abbreviations: AN SI = American National Sta ndards Institute, BTE = behi nd the ear, 
CIC =completely in the canal, DSP = digital signal processing , FBR = front-to-back ra tio , 
HP = high predictabi lity, ITE = in the ear, LP = low predictability, PI = performance intensity, 
SNR = si gnal-to-noise ratio, SPIN =Speech Perception in Noise 

R ecently, digital signal processi ng (DSP) 
was introduced to the hearing health 
care comm unity for ear-level h earing 

aids . Theoretically, DSP technology, in compar
ison to a nalog signal processing, may provide 
improved (a) recognition of speech in noise, (b) 
control of acoustic feedback, (c) compensation for 
recruitment, and (d) sound quali ty. 

Recently, Widex introduced the Senso hea r
ing aid. The Senso is available in behind-the-ea r 
(BTE ), in-the-ear (lTE), and completely-in-the
canal (C rC) models. Among the various BTE 
models , the C8 (om nidirectional microphone) 
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and C9 (directiona l microphone) are available. 
The directional microphone of the C9 has a 
front-to-back ratio (FBR) of approximately 15 to 
20 dB up to 3000 H z. This is comparable to the 
15 to 25 dB FBR reported for a commercially 
available dual-microphone hearing aid (Bachler 
and Vonlanthen, 1995 ). It would be of interest 
to evaluate the magnitude of signal-to-noise 
ratio (SNR) improvement offered by this sin
gle-microphone system to the dua l-microphone 
system. However, unlike the dua l-microphone 
hearing aid, the C9 cannot be switched between 
omnidirectional and directional performance . 
Preves et al (1997), in evaluati ng a dual-micro
phone ITE, reported that a majority of subj ects 
preferred having the ability to switch between 
microphone positions (omnidirectional and direc
tional) because there were situations when each 
microphone mod e outperformed the other. 
According to these investiga tors, mos t subjects 
preferred the directional mode when listening in 
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background noise, but many preferred the omni
directional mode when listening to speech in 
quiet. Similar findings have been reported by 
Frank and Gooden (1973), Nielsen (973), and 
Sung et al (975). 

The Senso is a three-channel system. The 
input signal is divided into three independent 
frequency channels. The hearing aid can be pro
grammed in situ by use of complex tones to 
determine the calculated gain and output for 
each channel. The compression characteristics 
of the Senso are highligh ted by (1) a slow-act
ing, multiple attack and release time that are 
fast for signals of short duration and up to 30 sec
onds for signals whose intensity is fairly stable 
over time, (2) static compression ratios varying 
from 1:1 to 3:1 depending upon the magnitude 
of the residual auditory dynamic range, and (3) 
a compression threshold as low as 20 dB HPL. 

To date, little independent research has 
been reported evaluating the performance of 
DSP in comparison to analog hearing aids. This 
type of information is critical so that hearing 
health care professionals can accumulate infor
mation to make informed decisions concerning 
which method of signal processing may provide 
significantly better performance. This informa
tion also can be invaluable to manufacturers as 
they refine DSP technology to provide better 
performance. 

Recently, Valente et al (1998) revealed that 
significant differences in speech recognition in 
noise could not be demonstrated between the 
mean performance of the Senso CX CITE) and 
C8 models and the subjects' current hearing 
aids incorporating analog signal processing. 
However, on average, subjects preferred the 
performance of the Senso hearing aids in their 
daily lives (especially in noise) in comparison to 
their current analog hearing aids. It is hypoth
esized that the unique temporal characteris
tics of the amplifier of the Senso may not have 
performed to its optimum capability in the way 
the investigation was designed. That is , the 
release time of the Senso amplifier is very 
dependent upon the temporal spectral proper
ties of the incoming signal(s) . The release time 
is relatively short for signals of short duration 
but unusually long (as long as 30 seconds) for 
signals that are relatively stable over time. In 
this study, the duration of the signal(s) (i.e., 
speech and noise) was typically between 5 to 10 
seconds. It is possible that the relatively short 
duration of the signal and noise did not allow 
the amplifier of the Senso to provide optimum 
release from masking. 
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The primary objectives of the present study 
were to determine if: 

1. 	 Significant differences between the C8, C9, 
and the subjects' current analog hearing 
aids were present in the performance on 
the low-predictability (LP), high-pre
dictability (HP), ancl!or total Revised Speech 
Perception in Noise (R-SPIN) scores pre
sented at +7, 0, and -7 dB SNR with con
tinuous noise fixed at 65 and 75 dB SPL and 
whether any significant differences in per
formance between the C8 and C9 would 
result from the addition of the directional 
microphone present in the C9; 

2. 	 Significant subjective differences in prefer
ence were present between the C9 and the 
subjects' current analog hearing aids after 
using the C9 for 30 days. 

PROCEDURES 

Subjects 

Forty adults with mild to moderately severe 
bilaterally symmetric sensorineural hearing 
loss (ANSI, 1989) with no greater than a 15-dB 
difference in interaural thresholds at 250 to 
4000 Hz were evaluated at two sites (20 subjects 
at Washington University School of Medicine in 
St. Louis, MO-Site I; 20 subjects at University 
of California-San Francisco-Site II). The mag
nitude of hearing loss was within the recom
mended ranges for the C8 and C9 hearing aids 
(i.e. , no greater than 90 dB HL at 250 Hz to 
105 dB HL at 4000 Hz). Figure 1 reports the 
mean audiogram along with one standard devi
ation for Site I (upper graph) and Site II (lower 
graph ). Normal middle ear function was assessed 
via tympanometry using a 220-Hz probe tone. 
At Site I, the mean age was 71.2 years (SD =7.2 
years), while at Site II the mean age was 66.5 
years (SD = 12.9 years). Finally, at Site I, the 
mean word recognition score for headset pre
sentation was 76.4 percent (SD = 9.6%) and 
79.5 percent (SD = 8.9%), while at Site II the 
mean word recognition score was 83.7 percent 
(SD =10.2%) and 81.4 percent (SD =12.9%) for 
the right and left ears, respectively. 

All subjects had prior experience with bin
aural amplification for at least 6 months and 
nearly all expressed satisfaction with their cur
rent hearing aids. At Site I the average years of 
experience with their current hearing aids was 
5.3 years (SD = 2.9 years). At Site II, the aver
age years of experience with their current hear
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Figure 1 Mean hearing tlu'eshoJds for Site I (upper) and 
Site II (lower). Al so provided are error bars reporting one 
standard devia tion. 

ing aids was 4.3 years (SD = 2.6 years). The 
second column in Appendices A to C provides 
information on the signal processing of the sub
jects' current hearing aids_ As can be seen in 
Appendices A to C, at Site I, seven fittings were 
two-channel low kneepoint (2B LKP), four fit
tings were one-channel low kneepoint (IB LKP), 
one fitting was one-channel high kneepoint 
(lB HKP), and eight fittings were linear.At Site 
II, three fittings were two-channel low kneepoint 
(2B LKP), three fittings were one-channel low 
kneepoint (IB LKP), one fitting was one-chan
nel high kneepoint (IB HKP), four fittings one
channel with a programmable kneepoint (lB 
PKP), five fittings were two-channel with a pro
grammable knee point (2B PKP), and four fittings 
were linear. 

When recruiting subjects for the present 
study, the subjects were informed that the pur
pose ofthe present study was to evaluate the per-

SENSOIVaJente et aJ 

fom1ance ofa new hearing aid_ Subjects were not 
informed about the specific signal processing of 
the experim ental hearing aids. It is important 
to mention that the majority of subjects used in 
the present study were recruited from a larger 
subject research pool and have been involved in 
a number of projects at both sites. In many of 
those studies, the subjects did not report objec
tive or subjective advantages for an experi
mental he aring aid condition. Thu s, the 
experimenters were comfortable that the subjects 
used in the present study were capable of pro
viding valid responses to the objective and sub
jective measures used in the current study. 
Finally, to compensate the subjects for their 
efforts , subjects were offered the option to pur
chase the experimental hearing aids at a s ig
nificantly reduced cost at the conclusion of the 
study. 

Fitting the Senso Hearing Aids 

The C8 was always fit first. The manufac
turer's recommended protocol was used when fit
ting this hearing ai d. The C8 was coupled to the 
LP2 portable programmer (software version 3.0) 
and placed in the ear canal with a custom ear
mold. Selection of the earmold style, tubing, 
and venting was based on the magnitude and 
configuration of the hearing loss . The controls 
on the LP2 were adjusted to the "Tone (Senso
gram )" mode. Using this mode, thresholds were 
determined in the low, mid, and high channels 
using the modulated tone signals (duration of 
approximately 1.5 seconds) generated by the 
LP2 and presented in situ to the subject through 
the hearing aid. The initial signal was presented 
at 10 dB above the predicted threshold (based 
upon the audiometric results obtained earlier). 
If there was a response, the signal was decreased 
in 10-dB steps until there was no response. 
Then the signal was increased and decreased in 
5-dB steps_ Threshold was accepted as the low
est level where the subject correctly responded 
50 percent of the time_ 

After threshold was determined in each of 
the three frequency channels, the controls of 
the LP2 were changed to perform the "Feed
back Test" using the manufacturers' recom
mended protocol. The Feedback Test is an 
automatic test consisting of two segments. The 
first segment determines whether the gain cal
culated for the three channels based upon the 
results of the "Sensogram" can be achieved for 
the magnitude of hearing loss in combination 
with the earmold used for the fitting. If the 
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required gain can be achieved, "zeros" appear in 
each of the windows of the three channels. If the 
calculated gain cannot be achieved, then a neg
ative number appears in any or all windows. The 
second segment of the feedback test automati
cally reduces the gain to prevent feedback and 
the amount of gain reduction is displayed in 
the three windows. 

The presence of a negative feedback value 
effectively reduces the available gain range for 
soft input levels by the magnitude of the nega
tive value appearing in the channel and increases 
the compression kneepoint above 20 dB SPL. For 
example, if the Sensogram calculated 70 dB of 
gain for low input levels for the high channel and 
the feedback value was -5 dB, then the maxi
mum gain for the high channel for soft input lev
els would be reduced to 65 dB and the knee point 
would increase to approximately 25 dB SPL. 
Typically, negative feedback values are present 
if the amount of calculated gain range cannot be 
achieved because of circumstances associated 
with the earmold (i.e., venting; openings between 
the earmold and ear canal wall). 

In the mid channel at Site I, two ears (5%) 
had feedback values ranging from -6 to -8 dB, 
while at Site II, nine ears (22.5%) had feedback 
values ranging from -4 to -11 dB. In the high 
channel at Site I, 32 ears (80%) had feedback val
ues ranging from -6 to -18 dB, while at Site II, 
31 ears (77.5%) had feedback values ranging 
from -3 to -21 dB. 

After the C8 was programmed binaurally, 
the R-SPIN test was administered on the same day 
at the six experimental conditions (-7, 0, and +7 
dB SNR with the input noise levels at 65 and 75 
dB SPL). Testing time was approximately 1.5 
hours. After completing the R-SPIN, the C9 hear
ing aids were adjusted on the same day using the 
same parameters (gain, output, and feedback lev
els) progTammed for the C8. The subjects wore the 
C9s for 4 weeks and returned to the respective sites 
where the R-SPIN was readministered at the 
same six experimental conditions. 

Revised Speech Perception in Noise 

The eight lists of the R-SPIN were distrib
uted by Cosmos Distributing Inc. and recorded 
on a compact disc (CD). Each list contains 50 sen
tences for which the subject's task is to identify 
the final word of each sentence. One half of the 
sentences are LP items, which supply no con
textual cues to identify the final word, while 
the other half are HP items, which have con
textual cues. The R-SPIN has been described in 
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great detail (Kalikow et aI, 1977; Bilger et aI, 
1984). The scores for the LP and HP items are 
then summed to obtain the total R-SPIN score. 
The total R-SPIN score can also be obtained by 
using a nomograph supplied with the R-SPIN. 
Using the nomograph, the investigators found 
the column corresponding to the LP item score 
and the row corresponding to the HP item score. 
Where the row and column intersect was the 
resulting total R-SPIN "percent hearing for 
speech" score. Separate analysis of variance 
(ANOVA) of the total R-SPIN score using both 
methods revealed no differences; therefore, the 
summed method is used in this paper when 
reporting the total R-SPIN score. 

For this study, the sentences of the R-SPIN 
were presented at +7 dB, 0 dB, and -7 dB SNR 
while the noise level was fixed at 65 dB and 75 
dB SPL. Instead of using the 12-talker babble 
accompanying the R-SPIN, a custom CD con
taining 39 minutes of party noise was prepared. 
For this study, the party noise was played for at 
least 30 seconds before the first sentence from 
the R-SPIN was introduced to the subject. In 
addition, the party noise was continuously on 
during the course of completing each R-SPIN list. 
The party noise was recorded in the fonner 
Copenhagen Stock Exchange, which has phys
ical dimensions of approximately 40 meters 
(length) by 30 meters (width) by 7 meters (height) 
and a reverberation time of approximately 4 to 
5 seconds when unoccupied. The recording was 
made during a dinner party with the room filled 
with over 300 guests with piano music in the 
background. A Bruel and Kjaer sound level 
meter, equipped with a lfz-inch freefield con
denser microphone (#4188), was used to trans
duce the acoustic input into electrical form and 
recorded on a Sony digital audiotape (DAT) 
recorder. Later, the recording was examined 
and the longest, uninterrupted passage with no 
recognizable speech and no abrupt change in 
overall level was selected. This I-minute, 6-sec
ond segment was looped and overlap-added in 
an editing process to result in the final 39 min
utes of party noise and re-recorded on a CD. 
Figure 2 reveals the spectrum of the party noise. 
The purpose for using this noise rather than 
the noise provided by the R-SPIN recording was 
that the noise was on continuously. Finally, all 
treatment levels of the independent variables 
SNR (-7 dB, 0 dB, and +7 dB) and noise level 
(65 dB SPL and 75 dB SPL) were counterbal
anced to control for order effects. The R-SPIN 
scores were measured on the subjects' own aids 
when they entered the study. R-SPIN scores 
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Figure 2 Spectrum level (dB SPL) of the continuous 
noise used in this study. 

were measured for the C8 on the second visit and 
R-SPIN scores were measured for the C9 after 
the subjects wore these hearing aids for 4 weeks. 

R-SPIN scores were obtained for the 
LP-item, HP-item, and total R-SPIN conditions. 
The range for the LP-item and HP-item scores 
can be from 0 to 25, in steps of 1 where 0 means 
the subject did not record any of the items cor
rectly and 25 means the subject recorded all of 
the items correctly. 

To ensure that the signal and noise levels 
were correct, a I-inch microphone connected to 
a Quest 215 sound level meter and OB-45 octave 
filter was placed at ear level (114.3 cm from the 
floor) 1.1 meters from a loudspeaker at 00 or 1800 

azimuth with the head absent. The attenuator 
and VU meter of the audiometer was adjusted 
for channell until the required overall levels (58, 
65, and 72 dB SPL for the 65 dB SPL condition 
and 68, 75, and 82 dB SPL for the 75 dB SPL con
dition) were obtained using the 1000-Hz cali
bration tone. A similar procedure was used on 
channel 2 to calibrate the overall levels of the 
party noise (65 and 75 dB SPL) to create the 
+7 dB, 0 dB, and -7 dB SNR conditions. The 
R-SPIN and party noise stimuli were presented 
from two independent CDs and fed into channels 
1 and 2 of the audiometer. LP item, HP item, and 
total R-SPIN scores were obtained for the three 
SNR conditions, two noise levels (65 and 75 dB 
SPL), and for three aided conditions (current, C8 
and C9 hearing aids). 

In this study, the sentences were presented 
at 00 azimuth and the party noise presented at 
1800 azimuth. The subject was seated approxi
mately 1.1 meters equidistant from two loud
speakers in a 2.58 x 2.74 m (Site I) and 2.2 x 
2.2 m (Site II) double-walled sound suite. Nei
ther sound suite was anechoic and reverberation 
time was not measured. However, Studebaker 
et al (1980) and Madison and Hawkins (1983) 

SENSONaiente et al 

reported reverberation times of 0.1 to 0.6 seconds 
in sound suites of similar size. 

Subjective Assessment 

Subjects were asked to complete a 24-item 
questionnaire (Table 1) assessing preferences 
between the C9 and their current hearing aids 
after wearing the C9 for 30 days. Items included 
sound quality, loudness, and overall performance 
in a variety of listening situations. The final 
item in the questionnaire reported the overall 
preference between the C9 and their current 
hearing aids. For each question, the subject was 
asked to assess if the C9 or their current hear
ing aids provided better performance (column 1 
or 2), equivalent performance (column 3), or if 
neither hearing aid provided satisfactory per
formance (column 4). 

RESULTS AND DISCUSSION 

R·SPIN 

R-SPIN scores were arcsine-transformed 
prior to statistical analysis to normalize the 
variance (Studebaker, 1985). Figures 3 to 5 
report the mean item scores for the LP (see Fig. 
3), HP (see Fig. 4), and total R-SPIN (see Fig. 5) 
scores for Site I (upper graph) and Site II (lower 
graph) for the subject's current aid, C8, C9, at 
the six listening conditions. These data also 
appear in Table 2, along with the standard devi
ation and the mean difference in performance 
between sites for the three hearing aid conditions 
and six presentation levels. Finally, the indi
vidual measures of the LP, HP, and total R-SPIN 
scores, for the three SNR and two noise level con
ditions , are provided for the own aid (Appendix 
A), C8 (Appendix B), and C9 (Appendix C) hear
ing aid conditions. 

The LP, HP, and total R-SPIN scores data 
were analyzed (SAS, 1989) using a four-way 
split-plotANOVA with repeated measures for the 
three within-subject factors (hearing aids, SNR, 
noise level ) and one between-subject factor (site) 
(Kirk, 1982). 

LP Item Score 

First, the ANOVA revealed a significant 
two-factor SNR by hearing aid (F =12.81, df =4, 
35, p < .001) interaction (see Fig. 3). Post hoc 
analysis using the Tukey honestly significant dif
ference (HSD) test revealed that the mean score 
for the C9 (20.4, 16.6, 11.1 items) was signifi
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Table 1 Questionnaire Used to Determine Preference between the Subjects' Current Hearing Aids 
and the Senso (Experimental Hearing Aids) 

Speech Quality 

Speech w s more. 
Dis tinct 
Pleasant 
Natural 
Cornfor tably loud 
Uncomforlably 10Lld 

Periormance was belter 'lith a ciose 
frien d one on one 

Pedorma ce was belter will, a stranger 
one on one 

Per'ormance was better listening 10 a 
speaker ac ross the room 

Performance was belt r listening 10 TV 
wi th 0 one Ise talking 

Performance was belter listening to TV 
\ Ith one or more people talking In Ihe 
background 

P J lormanc was 185S frustrating 
Per ormance was better listening at a 

mee ing wi lh one speaker 
Performance was better lis enlng at a 

meeting with severa! speakers 
Performance was belter listening at a 

family ga Il ering 
Performa ce w s better listening to the 

radio in the car 
Performance was better fistening to a 

passenger in til e car 
Performance was better listening in an 

.elegant " restaurant 
Performance was better listening i ) a 

farnlly restaurant 
Perfurmance vas belter lis tening to 

sounds at a dl iance 
Performance 'as better listening in a 

house of worsl, ip 
Performance vias belter listenin in a 

movie Iheater 
Performanc was beller listening to 

recorded music 
QUiet sounds were more audible 
My performance \' as best witli 

Current Experimental 
Hearing Aids Hearing Aids Both Neither 

o 

o 

FigwJu 
Senso 
-7 dB 
for Sil 

SCOrE 

jects 
sign; 
p <.( 

oven 
si tes 
was: 
perf( 
item 
dB ( 
the I 

HP J 

two.. 
4, 3E 
anal 
the I 
ni fic 
for ! 

cantly better (p < .01) than the mean score for 
the CS (17.2, 10.6, 4.3 items) and the subjects' 
own hearing aids (16.3 , 9.6, 3.7 items) at +7,0, 
and - 7 dB SNR, respectively. No significant dif
ferences were found in the mean scores between 
the CS (17.2, 10.6,4.3 items) a nd the subjects' 
own hearing aids (16.3, 9.6, 3.7 items) at any 
SNR condition . Second, there was a significant 
SNR by site (F = 17.92, df =2, 37, P < .0001) inter
action . The Thkey HSD revealed that the mean 
scores for Site I (S.2 items) was significantly 
better (p < .01) than the mean score at Site II 

13S 

(4.6 items) at -7 dB SNR. No significan t differ
ences were found in mean scores between Site 
I (13.5,17.9 items) and Site II (11.1,17.9 items) 
at 0 and +7 dB SNR, respectively. Third, there 
was a significant main effect for hearing aids (F 

= 56.51, df = 2, 37, P < .0001). The Thkey HSD 
revealed that the overall (i.e., across SNR, lev
els and sites) mean performance for the C9 (16.0 
items) was significantly better (p < .01) than the 
overall mean performance of the CS (10.7) and 
the subjects' own aids (9.9 items). However, sig
nificant differences were not present in mean 
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Figure 3 Mean low-predictability SPIN scores for the 
Senso C8 and C9 and current hearing aids at +7, 0, and 
-7 dB SNR with the noise level fixed at 65 and 75 dB SPL 
for Site r (upper) and Site II (lower). 

scores between the CS (10.7 items) and the sub
jects' own aids (9.9 items). Finally, there was a 
significant SNR effect (F = 676.65, df = 2, 37, 
P < .0001). The Tukey HSD revealed that the 
overall (i.e., across hearing aids, overall level and 
sites) mean performance for +7 dB (17.9 items) 
was significantly better (p < .01) than the mean 
performance at 0 dB (12.3 items) and -7 dB (6.4 
items). In addition, the mean performance at 0 
dB (12.3 items) was significantly better than 
the mean performance at -7 dB (6.4 items). 

HP Item Score 

First, the ANOVA revealed a significant 
two-factor SNR by hearing aid (F = 52.71, df= 
4,35, P < .0001) interaction (see Fig. 4). Post hoc 
analysis using the Tukey HSD revealed that 
the mean score for the C9 (20.1 items) was sig
nificantly better (p < .01) than the mean score 
for the CS (102 items) and the subjects' own 
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Figure 4 Mean high-predictability SPIN scores for the 
Senso C8 and C9 and current hearing aids at +7,0, and 
- 7 dB SNR with the noise level fixed at 65 and 75 dB SPL 
for Site I (upper) and Site II (lower). 

hearing aids (8.9 items) at -7 dB SNR. No sig
nificant differences were found in the mean 
scores between the C9 (24.1, 24.S items), CS 
(19.9 , 24.3 items), and the subjects' own hearing 
aids (19.2 , 23.7 items) at 0 and +7 dB SNR, 
respectively. Second, there was a significant 
SNR by site (F = 21.S1, df = 2, 37, P < .0001) inter
action. The Tukey HSD revealed that the mean 
scores for Site I (16.7 items) was significantly bet
ter (p < .01) than the mean score at Site II (9.4) 
at -7 dB SNR. No significant differences were 
found in mean scores between Site I (22.2,24.5 
items) and Site II (20.0, 24.1 items) at 0 and 
+7 dB SNR, respectively. Third, there was a sig
nificant main effect for hearing aids (F = 82.93, 
df = 2, 37, P < .0001). The Tukey HSD revealed 
that the overall (i.e ., across SNR, levels and 
sites) mean performance for the C9 (23.0 items) 
was significantly better (p < .01) than the over
all mean performance of the CS (18.1) and the 
subjects' own aids (17 .3 items). However, there 
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Figure 5 Mean total SPIN scores for the Senso C8 
and C9 and current hearing a ids a t +7, 0, and - 7dB SNR 
with the noise level fixed at 65 and 75 dB SPL for Site I 
(upper) and Site II (l ower), 

were no significant differences in scores between 
the C8 and the subjects' own aids . Fourth , there 
was a significant SNR effect (F = 222.29, df =2, 
37, P < ,0001). The Thkey HSD revealed that the 
overall (i .e. , across hearing aids, overall level and 
sites ) mean performance for +7 dB (24.3 items) 
was significantly better (p < ,01) than the mean 
performance at 0 dB (21.1 items ) and -7 dB 
(13.0 items). In addition, the mean performance 
at 0 dB (21.1 items ) was significantly better 
than the mean performance at -7 dB (13. 0 
items). Finally, there was a significant site effect 
(F =15.04, df =1, 38 , p < .001) where the over
all (across hearing aids, overall level and SNR) 
mean performance for Site I (21.1 items) was sig
nificantly better than the mean performance 
for Site II (17.8 items) , 

Total R-SPIN Score 

Firs t , the ANOVA revealed a significant 
two-factor SNR by hearing aid (F = 48.81 , df = 

140 

SITE II 

• Current Hearing Aid s 

D C8 Hearing Aids 

• C9 Hearing Aids 

4, 35, P < ,0001) interaction (see Fig. 5). Post hoc 
analysis using the Thkey HSD test revealed 
that the mean score for the C9 (3 1.2, 40.7 items) 
was significantly better (p < ,01) than the mean 
score for the C8 (14.5, 30.6 items) and the sub
jects ' own hearing aids (12,6, 28.8 items) at 
-7 dB and 0 dB SNR. No significan t differences 
were found in the mean scores between the C9 
(45.2 items) , C8 (41.5 items), and the subjects' 
own hearing aids (40.2) at +7 dB SNR. Second, 
there was a significant SNR by site (F = 29.28 , 
df = 2, 37, p < .0001) interaction. The Thkey 
HSD revealed that the mean score for Site I 
(24.9 items) was significantly better (p < .01) than 
the mean score at Site II (13.9 items) at - 7 dB 
SNR. No significant differences were found in 
mean scores between Site I (35.7,42.4 items) and 
Site II (31.0, 42 .0 items ) at 0 and +7 dB SNR, 
respectively, Third, there was a significant main 
effect for hearing aids (F = 129.64, df = 2, 37, p 
< ,0001). The Thkey HSD revealed that the over
all (i.e., across SNR, levels and sites) mean per
formance for the C9 (39.0 items) was significantly 
better (p < .01) than the overall mean perfor
mance of the C8 (28.8 items ) and the subjects' 
own aids (27.2 items), but there were no signif
icant differences in scores between the C8 and 
the subjects' own aids , Fourth, there was a sig
nificant SNR effect (F =539.88.29, df =2, 37, p 
< .0001). The Thkey HSD revealed that the over
all (i.e. , across hearing aids, overall level and 
sites) mean performance for +7 dB (42.2 items) 
was significantly better (p < ,01) than the mean 
performance at 0 dB (33.4 items) and -7 dB 
(19.4 items ). In addition, the mean performance 
at 0 dB (33.4 items) was significantly better 
(p < .01) than the mean performance at -7 dB 
(19.4 items). Finally, there was a significant site 
effect (F = 8,01, df = 1, 38, P < .01) where the over
all (across hearing aids , overall level and SNR) 
mean performance for Site I (34,3 items) was sig
nificantly better than the mean performance 
for Site II (29.0 items) , 

Questionnaire on Preference 
between Hearing Aids 

Tables 3 and 4 report the responses to the 
24 items relating to sound quality (#1-3), loud
ness (#4-5 ), listening situations (#6-23), and 
overall performance (#24). Table 3 reports the 
responses for the subjects from Site I, while 
Table 4 reports the responses for the subjects 
from Site II. The number in each row by column 
combination in Tables 3 and 4 represents the 
number of subjects responding to each question. 
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Table 2 Means and Standard Deviations for the Low-Predictability, High-Predictability, and Total 
SPIN Scores for Sites I and II for the Three Hearing Aid Conditions and Six Presentation Levels 

72165 65165 58165 82175 75175 68/75 

Own C8 C9 Own C8 C9 Own C8 C9 Own C8 C9 Own C8 C9 Own C8 C9 

Low Predictabi lity 
Site I 
SO 15.7 17.7 20.6 10.2 11.7 17.8 4.6 5.7 12.9 15.8 17.0 20.2 10.7 12.3 17.8 4.4 6.4 14.7 

Mean (5.3) (31) (26) (68) (47) (32) (4 .6) (39) (45) (4 .9) (3.8) (2.5) (5 1) (67) (2 .6) (43) (5.2) (4.1) 

Site" 

Mean 15.3 15.6 20A 7.8 8.0 14 .3 2A 2.2 9.7 18.0 18.5 20.3 9.2 10.5 16.6 3.0 3.1 7A 

SO (48) (4 .6) (28) (5.5) (40) (4 .6) (39) (22) (55) (3.9) (3.9) (2.9) (6 1) (48) (46) (32) (2.5) (4A ) 

Difference 0.4 2. 1 0.2 2.4 3.7 3.5 2.3 35 33 - 2.2 - 1.5 -0 .1 1.5 1.8 1.2 1.4 3.3 7.3 


High Predictability 
Site I 

Mean 23.8 24.7 24.8 19.3 22.0 24.7 10.6 12.9 23.1 24.2 24.2 24.9 21.5 20.9 24 .4 13A 15.6 24 .0 

SO (2.2) (0.7) (05) (7.3) (3.7) (0.5) (7.4) (7.2) (2. 1) (1.3) (1.4) (0.3) (3.5) (5.7) (10) (8.5) (6.6) (1.8) 

Site" 

Mean 23A 23.9 24.7 17.7 17.8 23.3 4.9 5.6 17.3 23 .4 24 .3 24 .9 17.9 19.2 24 .1 5.7 6.7 16.1 

SO (16) (1.3) (0.8) (70) (5A) (26) (6.7) (5.0) (5 .1) (2 .1) (0.9) (0.4) (73) (4.2) (0.9) (6.5) (53) (52) 

Difference OA 0.8 0.1 1.6 4.2 1A 5.7 7A 5.8 0.8 -0 .1 0.0 3.6 1.7 0.3 7.7 8.9 7.9 


Total 
Site I 
Mean 39.5 42.5 45.4 29A 33.7 42.5 15.3 18.6 36 .0 40.1 41.2 45.1 32.2 33.2 42.2 17.7 21.9 38 .6 
SO (6.9) (3.1) (2.8) (13 .2) (7.9) (34)(11.3)(106)(62) (53) (4.8) (2.6) (81) (11.5) (2.7) (12.1)(11.0) (5.2) 
Site II 
Mean 38.7 39A 45.1 25.5 25.8 37.6 7.3 7.7 26.9 41.3 42.8 45.1 27.1 29.7 40.7 8.7 9.7 23.5 
SO (6.1) (52) (3.2) (118) (88) (6 .5)(10.5) (7 .1) (9.8) (5.5) (4.1) (2.8) (12.6) (8.6) (4.9) (9.4) (7.2) (9.0) 
Difference 0.8 3.1 0.2 3.9 7.9 4.9 8.1 10.9 9. 1 -1 .2 -1.6 0 5.1 3.5 1.5 9.0 12.2 15.1 
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Separate McNemar X2 tests (SAS, 1989 ) 
were performed on the data appearing in Tables 
3 and 4. The McNemar X2 test is used to deter
mine if significant differences are present 
between related measures on the same subject. 
For Site I (see Table 3), the results of the McNe
mar X2 test revealed that a significantly (p < .001 ) 
greater number of subjects preferred the C9 to 
their current aids for all items with the excep
tion of item 13 ("performance was better lis
tening at a meeting with several speakers"). 
Finally, there were no significant differences 
between the C9 and subjects' own hearing aids 
in the perception that either one provided an 
amplified sound that was uncomfortably loud 
(item 5). 

For Site II (see Table 4), the results of the 
McNemar X2 test revealed that a significantly 
greater number of subjects (p < .001) preferred 
the C9 to their current aids for all items (p < .01). 
Finally, there were no significant differences 
between the C9 and subjects' own hearing aids 
in the perception that either one provided an 
amplified sound that was uncomfortably loud 
(item 5). 

DISCUSSION 

C8 versus Own Hearing Aids 

As stated in the introduction, Valente et al 
(1998) could not demonstrate significant differ
ences in performance between the C8 and CX 
and the subject's current analog hearing aids. 
One reason suggested by Valente et al (1998) for 
the inability of the Senso hearing aids to perform 
significantly better than the subjects' current 
hearing aids was a possible error in the exper
imental methodology. That is , the signal and 
noise were presented for less than 30 seconds and 
this duration may not have allowed the signal 
processing of the Senso to provide maxim urn 
amplification. In the current study, the back
ground noise was continuous. However, once 
again, significant differences could not be demon
strated between the C8 and subjects' current 
hearing aids. This suggests that presenting 
noise for short or long durations does not sig
nificantly impact the performance of the Senso 
C8 on this type of speech recognition test when 
compared to the performance of hearing aids 
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Table 3 Responses to the Preference Questionnaire at Site I 

Current Experimental No 
Speech Quality Hearing Aids Hearing Aids Both Neither Response S 

Speec was more S 
Distinct 15 4 o o 
Pleasant 1 13 5 o 1 

Natural 2 12 4 2 o 
Comfortably loud 2 10 5 1 2 
Uncomfortably loud 3 2 o 13 2 

Performance "vas bet ter with a close 2 10 8 o o P 

friend on e on one 
Performance was better with a st ranger 11 8 o o P 

one on one 
Performance was bette! lis tening to 2 13 2 3 o P 

a speak r across the room 
Performance was bet er listeni ng to o 11 8 o P 

TV wi h no one Ise talking 
Perfon nance was beMer listening to 2 12 5 o P 

TV with one or more people talking 
In the background 

Performance was less frustrating 2 14 2 1 p 

Perfo rman ce was better listening at 2 12 3 2 P 
a meeting with one speaker 

Performance was bett er listening at 2 9 2 5 2 P 
a meeting 'lith several speakers 

Performance was better listening at 2 13 4 o P 
a family gathering 

Performance was better listening to 13 5 o P 
the radiO in th e car 

Performance was better listening to 13 5 o P 
a passenger in the car 

Performan ce was better li stening in 14 5 o o P 
an "elegant " restaurant 

Performance was better listening in 2 13 3 P 
a fa mily restaurant 

Performance was b tter listening to 4 11 2 3 o F 
sounds at a distance 

Performance as better listening in 2 12 2 3 F 
a house of worsh ip 

Performanc was better listening in 2 10 2 5 F 
a movie theater 

Performance was better listening 12 7 o o F 
to recorded music 

Quiet sou nds were more audible 4 13 2 1 o 
My perfor aoce was best with 3 17 o o o 

Total 45 285 88 41 21 

Each column represents Ihe our ber 01 subjects responding to each 01 the f UI clloices anci the number Q subjects who did not 
l e5pond t lila! question. Eac row rep:esen S e total Ie onses of th 20 subjec ts 

incorporating analog signal processing. 
Researchers need to continue to investigate new 
ways to evaluate the performance of hearing 
aids incorporating DSP. As reported earlier, a 
recent study reported subjective preferences for 
the hearing aids with DSP that could not be 
demonstrated in the laboratory (Valente et aI, 
1998). Clinically, the authors of the present 
study have fit numerous patients who report sig
nificantly greater satisfaction with hearing aids 
incorporating DSP in comparison to their pre
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vious hearing aids using analog signal process
ing. When patients with previous hearing aid t 
experience decide to purchase DSP technology, 
they typically report improved recognition of 
speech in noisy environments and gTeater lis
tening comfort compared to their current hear
ing aids. A reason why DSP has not been shown 
to be significantly better than analog signal pro
cessing in the laboratory, but significantly bet
ter in subjective preferences, is that the full 
dynamic range of speech available in "real life" 
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Table 4 Responses to the Preference Questionnaire at Site II 

Speech Quality 
Current 

Hearing Aids 
Experimental 
Hearing Aids Both Neither 

No 
Response 

Speech was more 
Distinct 
Pleasant 
Natural 
Comforta bly loud 
Uncomfo rtably loud 

Performance was better wilh a close 
friend one on one 

Perfor mance was better with a s tranger 
one on one 

Performance was better lis tening to 
a speaker across the room 

Performance was better listening to 
TV wi th no one else talking 

Performance was better li s tening to 
TV with one or more people talking 
in the background 

Performance was less fr ustrat ing 
Performance was better listening at 

a meeting with one s peaker 
Performance was better li stening at 

a meeting With several speakers 
Performance was better li stening at 

a fami ly gathering 
Perfo rmanc e was better listening to 

Ihe radio in the car 
Performance was better listening to 

a passenger in the car 
Performance was better listel!ing in 

an "elega nt" restaurant 
Performance was better li stenin g in 

a family restaurant 
Performance was better li stening to 

sounds at a distance 
Perfor mance was better lis tening in 

a house of worsl"lip 
Performance was better li s tening in 

a movie theater 
Performance was better li s tening to 

recorded music 
Quiet sounds were more aud ible 
My performance was best With 

Total 

1 
2 
4 
2 

2 

2 

3 

4 

2 
4 

3 

2 

3 

4 

4 

4 

3 

2 

3 

5 

3 
3 

67 

13 
8 
9 
10 
2 
10 

11 

14 

14 

11 

14 
12 

9 

15 

10 

13 

11 

12 

10 

8 

7 

10 

12 
12 

257 

3 
5 
5 
2 
2 
4 

2 

2 

0 
3 

3 

0 

2 

0 

0 

0 

0 

40 

2 
2 4 

2 3 
3 3 
8 4 
3 

4 

3 0 

0 

2 2 

4 0 
0 

3 4 

2 0 

3 

3 0 

2 

3 0 

5 

3 7 

2 8 

3 2 

3 2 
3 

69 47 

388

B'.id 

Ggy, 

.-:. of 

lis

38r
)w n 

pro

bc t

full 
life" 

Each column represents Ihe Ilurnber of subjects respolldlng 10 each ot Ihe four choices and Ihe number of subjects who did n()t 
respond 10 lilat question Each rvY< represents Ihe 10Iai responses of the 21.1 SU Oteels 

is probably not represented on the recording of tener comfort. On the other hand, it is possible 

the speech material used in the current ex per- that no matter how the experimental design is 

iment. Also, another possible explanation for manipulate d , significant differences between 

the lack of agreement between objective and DSP and analog signal processing may not be 

s ubj ec tive measures is that room acoustics are consistently demonstrated. 

controlled in the laboratory but not in the "real As pointed out, one of the major findings was 

world ." Perhaps the manner in which current that significant differences were not found in per-

re search is being employed to assess DSP pe r- formance between the C8 and the subjects' cur

formance is not assessing the full potential DSP rent a ids . However, it must be pointed out that 

may have in providing significant improvement the p e rform a nce of the C8 was assessed at the 

when listening in noise and providing greater lis- time of the fit, whereas the performance of the 

I 

II

!I 


I 

I 
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C9 was completed after the subject wore the 
hearing aids for 4 weeks. In addition, as noted 
earlier, the subjects wore their current hearing 
aids for an average of 4.3 to 5.3 years at Sites I 
and II, respectively. Cox and Alexander (1992 ), 
Gatehouse (19B9, 1992, 1993), and Horwitz and 
Turner (1997) reported improved aid benefit 
(i.e. , acclimatization) over the first few months 
of use . That is , performance improves as the 
ear becomes acclimatized to the speech signal it 
is accustomed to hearing. However, some reports 
(Bentler et aI , 1993; Saunders and Cienkowski, 
1997) could not demonstrate the acclimatization 
effect. Therefore, it is possible that greater dif
ferences in performance between the CB and 
the subjects' current hearing aids might have 
emerged if differences in performance were mea
sured after the subjects had worn the CB hear
ing aids for at least 4 weeks. 

C9 versus C8 and Own Aids 

Another major finding was the significant 
release from background noise provided by the 
C9 rela tive to the CB and the subjects' current 
hearing aids. It is difficult to reason that the ben
efit provided by the C9 was exclusively related 
to DSP because the CB and C9 were programmed 
equally and differences in performance were 
not found between the CB and the subjects' cur
rent hearing aids. Part of the improvement in 
the performance of the C9 (relative to the CB) 
may be related to acclimatization as described 
earlier (i.e., subject wore the C9 for 4 weeks 
while performance was evaluated immediately 
upon fitting the CB) . However, clearly, the major 
factor for the improvement provided by the C9 
is the directional microphone. Figure 6 illus
trates the FBR of the directional microphone of 
the C9 . Signals from the rea r are attenuated by 
15 to 20 dB to 3000 Hz . This is significantly 
greater than the B to 13 dB FBR at 500 to 3000 
Hz for a directional microphone by Madison and 
Hawkins (19B3). Numerous studies (Lentz, 1972; 
Frank and Gooden, 1973; Nielsen , 1973; Mueller 
and Johnson, 1979; Hawkins and Yacullo, 19B4; 
Leeuw and Dreschler, 1991) have revealed that 
a single directional microphone can provide a 
mean SNR improvement of 3 to 4 dB. Mueller 
and Johnson (1979) reported improved speech 
recognition in noise for the Synthetic Sentence 
Identification test as the FBR reported at 1000 
Hz increased from 6 to 20 dB. In addition, sev
eral studies revealed that the directional advan
tage increased as the listening situa tion became 
progressively more difficult (i.e ., little or no 
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Figure 6 Front-to-back response of the C9 measured 
onKEMAR. 

advantage at positive SNRs, but increased 
advantage at more negative SNRs) (Lentz, 1972; 
Frank and Gooden, 1973 ; Mueller and John
son, 1979). 

However, the FBR reported in Figu re 6 is 
somewh a t less than the 15 to 25 dB FBR 
re ported by Valente et al (1995) for a dual
microphone hearing aid that provided a mean 
SNR improvement of 7.4 to 7.B dB. Additional 
studies on dual microphones have revealed 
mean improvement in SNR between 4.2 to 7.B 
dB for BTE designs (Lurquin and Rafhay, 1996; 
Gravel et aI, 199B) and 2 to 3 dB for ITE designs 
(Preves et aI, 1997) using a variety of speech sig
nals that did not include the R-SPIN. Therefore, 
it is difficult to conclude that the magnitude of 
improvement seen in this investigation for the 
C9 at the -7 dB SNR for the total R-SPIN scores 
can be explained by the improved FBR pro
vided by the single directional microphone incor
porated in the C9. However, it is possible that 
the s peech enhancement algorithm used in the 
Senso may work in synergy with the directional 
microphone to enhance speech recognition in 
noise to a degree greater than has been reported 
in the past when the directional microphone 
(single or dual) was coupled to analog signal pro
cessing. This is an a rea requiring additional 
investigation. 

To illustrate the improvement in SNR pro
vided by the C9 , Figure 7 converts the data 
reported in Figure 5 (total R-SPIN) into per
formance-intensity (PI) functions for the C9 , 
CB, and subjects ' own aids . That is , the total 
R-SPIN score was collapsed across the two 
sites for both noise conditions (i .e. , 65 and 75 
dB SPL) and multiplied by 2 percent to arrive 
at the total R-SPIN score in percent. The data 
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Figure 7 Mean pelfOlmance-intensity (PI) function s for 
the total R-SPIN scores for the Cg, C8, and subjects' own 
hearing aids at + 7, 0, and -7 dB SNR collapsed across 
sites, 

points in Figure 7 report the mean R-SPIN 
score for each of the three SNR and the three 
hearing aids. The dashed vertical line repre
sents the 50 percent score. Therefore, to deter
mine the SNR for each hearing aid at the three 
SNR conditions, one can determine where the 
PI line intersects with the 50 percent vertical 
line. In doing this, the 50 percent performance 
for the subjects' own hearing aids occurred at 
approximately -3 dB SNR, while the 50 per
cent performance for the C8 was at a SNR of 
approximately -5 dB. This represents an 
improvement of 2 dB provided by the C8 rel
ative to the subject's own hearing aid. The 
poorest performance provided by the C9 was 
62.5 percent at -7 dB SNR. Therefore, the PI 
function (shaded area) was extended in a lin
ear fashion to intersect the 50 percent line. 
Using this method, the PI line for the C9 inter
sects the 50 percent line at approximately 
-12 dB. This suggests that the C9 provided 7
dB improvement in the SNR relative to the per
formance of the C8 and 9 dB relative to the 
performance of the subjects' own hearing aids. 
A word of caution should be emphasized at 
this point. That is, Figure 7 assumes that the 
PI function will decrease in a linear fashion 
beyond the -7 dB SNR. It is unlikely that the 
performance of the subjects would have 
decreased in such a linear fashion in view of 
the fact that performance decreased in less 
than a linear fashion between the 0- and -7
dB points . Thus, it is possible that the "true" 
advantage provided by the C9 over the C8 and 
the subjects' own hearing aids under the more 
difficul t listening situations was probably less 
than 7 to 9 dB cited above. 
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Differences between Sites 

The results between sites were not signifi
cantly different from each other for most of the 
experimental conditions. However, statistically 
significant differences were present between 
sites for LP, HP, and total scores at -7 dB SNR. 
These differences ranged from 5.7 for the HP 
items for the own aid condition with the noise 
at 65 dB SPL to 15.2 for the total score for the 
C9 with the noise at 75 dB SPL (see Table 2), 
Looking at Figure 1, the average hearing loss at 
Site I was better by 4 dB to 6 dB at 250 to 
1000 Hz, respectively. This better hearing at 
250 to 1000 Hz at Site I in combination with the 
amplification and the low kneepoint (20 dB SPL) 
of the Senso may have allowed more of the 
speech signal to be audible than was possible for 
the subjects at Site II. Improved audibility 
becomes more important as the listening situ
ation becomes increasingly more difficult. 

A second explanation for the observed dif
ferences between sites at the -7 dB SNR may 
be related to differences in the feedback values 
present in the mid and high channel. As men
tioned earlier, in the mid channel, two ears at 
Site I (5%) had feedback values ranging from-6 
to -8 dB, while at Site II nine ears (22.5%) had 
feedback values ranging from -4 to -11 dB. 
Thus, when listening through the Senso hear
ing aids, more subjects at Site II had less avail
able gain and a higher compression kneepoint 
in the mid and high channels than the subjects 
at Site 1. These two factors combine and inter
act to provide these subjects with less gain for 
soft speech than for those subjects where the 
feedback values in the mid channel were 0 dB. 
Again, the effect of this on speech recognition 
becomes more problematic as the listening sit
uation becomes more difficult. Also, in the high 
channel, 32 ears at Site I (80%) had feedback 
values ranging from -6 to -18 dB, while 31 
ears at Site II had feedback values ranging 
from - 3 to -21 dB. Although the number of ears 
with negative feedback values were similar 
between sites, the magnitude of the negative val
ues were somewhat greater at Site II. Again, it 
is hypothesized that the presence of slightly 
greater negative feedback values may have 
reduced the available gain in the high channel 
for soft speech for more subjects at Site II than 
occurred for the subjects at Site 1. 

A final possible reason for the observed dif
ference between Sites I and II may be related 
to slight differences in calibration of the sound 
field. For calibration, the CDs in this study pro
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vided a 1000-Hz calibration tone. Due to s tand 
ing waves caused by a 1000-Hz continuous tone , 
it is possible that slight differences in calibrated 
levels may have occurred between the two sites. 
In addition, the effect of these possible differ
ences may only become apparent as the lis ten
ing situation became more difficult. That is, at 
higher SNRs, differences in subject performance 
due to calibration differences may not appear 
because of th e redundancy of the signal. How
ever, as the listening situation becomes more dif
ficult , the assistance provided by the redundancy 
of the signa l diminishes and differences in 
performance may emerge. This potential arti 
fact has been eliminated by a new version of the 
CD by including a 1000-Hz modulated tone as 
the calibrating signal. Unfortunately, this CD 
was released after the current project was 
completed. 

CONCLUSION 

T he major findings of this study revealed: 

l. 	The mean performance of the Senso C9 was 
significantly better than the mean perfor
mance of the Senso C8 and the subjects' 
own aids. The magnitude of the advantage 
provided by the C9 increased as the SNR 
became more difficult. 

2. 	However, significant differences were not 
present between the C8 and the subjects' 
own hearing aids for any experimental 
condition. 

3. 	 There were no significant differences in the 
reported results betwee n Site I and Site II 
at +7 and 0 dB SNR. However, significant 
differences were present between Sites I 
and II for the -7 dB SNR condition. Several 
suggestions are offered to explain why these 
differences occurred. 

4. 	 Significant differences in performance were 
not found as a function of background noise 
level (65 vs 75 dB SPL). 

5. 	Performance decrease d as the SNR 
decreased from +7 to -7 dB for all hearing 
aid conditions and at both sites. 

6. 	 The results for the questionnaire used in this 
study reported significantly greater prefer
ence for the Senso C9 in comparison to the 
subjects' current hearing aids after wearing 
the C9 for 30 days. 

Acknowledgment. The authors thank Ron Meltsner at 
Widex Hearing Aid Company for providing a small grant 
to offset the direct costs involved in completing this study 
and allowing the subjects to purchase the hearing a ids 

146 

at a significantl y reduced cost at the conclusion of the 
study. The authors also thank Francis Kuk, Ph.D. and 
Carl Ludvigsen of Wide x Hearing Aid Company for their 
helpful commen ts on earlier drafts of thi s manuscript. 
In addition , the authors thank Tom Burroughs , Ph.D. of 
the Psychology Department at Washington University 
School of Medicine for his assistance in completing the 
statistical ana lys is and interpretation reported in this 
paper. 

REFERENCES 

American National Standards Institute. (1989). American 
National Standard for Speciflcotion o/Audiometers. 
(ANSI S3.6-1989). New York: ANSI. 

Bachler H , Vonlanthen A. (1995 ). Audio-zoom signal pro
cessing for im proved communication in noise. Phonak 
Focus 18:3-18. 

Bentler RA, Niebuhr DP, Getta JP, Anderson CY. (1993 ) 
Longitudinal study of hearing aid effecti veness. 1: objec
tive measures. J Speech Hear Res 36:808-819. 

Bilger RC, Nuetzel JM, Rabinowitz WN!, Rzeckowski C. 
(1984), Standardization of a test of speech perception in 
noi se, J Speech Hear Res 27:32-48. 

Cox RM , Alexander GC, (1992 ). Maturation of hearing 
aid benefit: objective and subject ive measurements. Ear 
Hear 13: 131-14l. 

Frank T, Gooden RG. (1973). The effect of hearing aid 
microphone types on speech sco res in a background of 
multi -talker noise. Maico Audiol Library Series 11(5 ):1-4 

Gatehouse S. (1989). Apparent auditory deprivation effects 
of late onset: the role of presentation level. J Acoust Soc 
Am 86:2103-2106. 

Gatehouse S. (1992). The time course and magnitude of 
perceptual acclimati za tion to frequency responses: evi 
dence from monaural fitting of hearing aids. J Acoust 
S oc Am 92: 1258-1268. 

Gatehouse S. (1993). Role of perceptual acclimatization 
in the selection of frequency responses for hearing aids, 
JAm Acad Audiol 4:296-306. 

Gravel JS, Fausel N, Liskow C, Chobot J. (1998). 
Children's speech recognition in noise using dual-micro
phone hearing aid techn ology, Ear Hear (in press). 

Hawkins DB, Yacullo WS. (1984). S ignal-to-noise rati o 
adva ntage of binaura l hearing aids and directional micro
phones under different levels of reverberation. J Speech 
Hear Disord 49:278-286. 

Horwitz AR, Turner Cw. (1997). The time course of hea r
ing aid benefit. Ear Hear 18:1-11. 

Kalikow DN, Stevens KN, Elliot L1. (1977). Development 
of a test of speech intelligibility in noise using sentence 
materials with controlled word predictability. J Acollst 
Soc Am 61:1337- 135 l. 

Kirk RE. (1982). Experimental Design. 2nd Ed. Pacific 
Grove, CA: Brooks/Cole . 

Leeuw AR, Dreschler WA. (1991). Advantage of direc 
tional hearing aid microphones related to room acoustics. 
Audiology 3:330-344. 

Ler 
of'.: 
tior 
Ser 

L U I 

mu 
(Be 

Ni8 
rat 
34( 

,. l 

fro 
mil 

. i, 
wi l 
em 

Pr 
r · ,,;:,v 

IT 
VP 
19 



the 
md 
eil' 
pt. 
. of 
.ity 
'he 
Ills 

;an 

rs. 

ro
'all 

i3). 
ec

c . 
. HI 

.ng 
;ar 

.id 

. of 
-4 . 

~ts 

)OC 

; of 
'vi
'lst 

ion 
o.s. 

8) 
ro

tio 
ro
'ch 

ar

~nt 

Ice 
1St 

fic 

ec
es. 

Lentz WE. (1972). Speech discrimination in the presence 
of backgroun d noise using a heari ng aid with a direc
tionally- sensitive microphone. Maieo Audiol Library 
Series 10(9): 1- 4. 

Lurquin P, Rafhay S. (1996). Intelligibili ty in noise using 
multi-microphone hearing aids. Acta Otol Rhino Laryngol 
(Belg) 50:103-109. 

Madi son TK, Hawkin s DB. (1983). The signal-to-noise 
ratio advantage of directional microphones. Heal' Instrum 
34(2):18,49. 

Muel ler HG, Johnson RM. (1979). The effects of various 
fro nt-to-back ratios on the performance of directional 
microphone hearing aids. JAm Audiol S oc 5:30- 34. 

Nielson HB. (1973). A comparison between hearing aids 
with a directional microphone and hearing aids with a 
conventional microphone. Scand Audiol 2:45-48. 

Preves DA, Sammeth SA, Wyn n MK. (1997 ). Field Trial 
E valuations ofa Switched Directional! Omnidirectional 
ITE Hearing Instrument. Poster presented at the NIDCD! 
VA Hea ring Aid Confere nce, Bethesda, MD, September, 
1997. 

SENSONalente et al 

SAS Institute Inc. (1989). SAS / STAT Users Guide Version 
6. 4th Ed. Cary, NC: SAS. 

Saunders GH, Cienkowski KM . (1997). Acclimatization 
to hearing a ids. Ear Hear 18:129-139 . 

Studebaker GA. (1985). A rationalized arcsine transfonn. 
J Speech Hear Res 28:455-462. 

Studebaker GA, Cox RM , Formby C. (1980). The effect 
of environment on the directional performance of head
wo rn hearin g a id s. In: Studebaker GA , Hochberg I, 
eds . Acou stical F acto rs Affecting H ea ring Aid 
Performance. Baltimore: Uni ve r sity Park Pre ss, 
81-105 . 

Sung GS, Sung RJ, Angelelli RM. (1975 ). Di rectional 
microphone in hearing aids. Arch OtolaryngoI10l:316--319. 

Valente M, Fabry D, Potts 1. (1995). Recognition of speech 
in noise with healing aids using dual microphones. JAm 
Acad Audiol 6:440-449. 

Valente M, Fabry D, Potts L, Sandlin R. (1998). Com
paring the performance of the Widex Senso with analog 
hearing a id s. JAm Acad Audiol 9:342-360. 

147 



Journal of the American Academy ofAndiology/Volume 10, Number 3, March 1999 

APPENDIX A 

Individual SPIN Scores for the Six Signal-to-Noise Ratios for Sites I and II for Subjects' 
Own Aids, Listed by Type of Signal Processing 

72/65 65/65 58/65 82/75 75/75 68/75 

Subject SP LP HP T LP HP T LP HP T LP HP T LP HP T LP HP T 

Jn~ 
List 

Subj= 

Site I 
GE 
FF 
SO 
NR 
KS 
MS 
SS 
CW 
AH 
JO 
NT 
JE 
HK 
JH 
SA 

Site I 

GE Linear 5 17 22 o 000 o 0 7 23 30 3 11 14 0 0 0 

FF Linear 9 19 28 6 13 19 0 6 6 15 20 35 15 23 38 7 23 30 

BD 18 HKP 18 25 43 10 24 34 4 6 10 19 25 44 14 21 3562026 

NR Linear 15 25 40 6 23 29 1 9 10 13 25 38 6 23 29 0 11 11 

KB Linear 19 23 42 10 23 33 6 14 20 16 23 39 15 22 37 2 21 23 

MS Linear 15 25 40 12 24 36 2 13 15 17 25 42 12 25 37 5 19 24 

SS 1B LKP 21 25 46 19 21 40 16 23 39 22 25 47 18 25 43 14 24 38 

CW 1B LKP 22 25 47 14 22 36 10 20 30 19 25 44 14 25 39 4 21 25 

AH 28 LKP 20 24 44 18 21 39 2 6 8 20 25 45 10 23 33 3 5 8 

JD 2B LKP 13 25 38 12 23 35 '7 11 18 18 25 43 7 21 28 1 15 16 

NT 2B LKP 18 25 43 13 25 38 5 18 23 18 25 43 15 23 38 7 19 26 

JE 28 LKP 11 24 35 1 12 13 0 5 5 6 25 31 3 20 23 0 3 3 

HK Linear 18 25 43 6 23 29 8 10 18 23 24 47 9 21 30 3 10 13 

JH 2B LKP 22 25 47 21 25 46 13 20 33 19 24 43 16 24 40 10 22 32 

BA 28 LKP 13 22 35 12 13 0 o 0 14 24 38 4 17 21 0 0 0 

AS 18 LKP 8 24 32 7 21 28 2 4 6 10 25 35 11 21 32 0 6 6 
 AS 

DR 2B LKP 18 25 43 15 24 39 6 16 22 14 23 37 10 22 32 6 10 16 
 OR 

TK Linear 10 25 35 1 5 6 2 1 3 10 24 34 3 17 20 2 3 5 
 TK 

NSNS 1B LKP 23 25 48 21 25 46 4 20 24 21 25 46 18 25 43 13 22 35
-... JMJM Linear 20 25 45 19 25 44 8 19 27 21 25 46 18 25 43 12 24 36 


SiteSite /I 
MS 


HB 1B PKP 10 24 34 1 9 10 o o 0 13 22 35 1 3 4 0 o 0 

MB 18 PKP 17 25 42 11 25 36 2 5 7 23 25 48 10 24 34 3 5 8 


HS 

DC 2B PKP 7 22 29 o 22 22 o o 0 14 20 34 o 23 23 0 1 1 
 DC 

MF 18 LKP 20 25 45 10 23 33 5 8 13 17 25 42 12 23 35 4 15 19 
 MF 

FH 28 LKP 18 24 42 10 22 32 o 2 2 19 25 44 11 23 34 0 o 0 
 FH 

SJ 2B PKP 23 25 48 15 25 40 14 24 38 23 25 48 19 25 44 10 18 28 
 SJ 

JK Linear 20 25 45 19 25 44 10 15 25 20 25 45 18 25 43 8 18 26 
 JK 

NL 18 PKP 18 25 43 16 23 39 3 5 8 21 24 45 18 24 42 8 9 17 Nl 

SL Linear 14 22 36 6 11 17 o 2 2 18 25 43 6 14 20 2 3 5 SL 

TL 28 PKP 18 25 43 5 9 14 2 5 7 17 20 37 8 14 22 3 6 9 Tl 

AM 1 B PKP/2B LKP 10 21 31 o 3 3 o o 0 11 20 31 O. 5 5 0 o 0 AM 

JS 1B LKP 20 24 44 11 23 34 5 7 12 19 24 43 14 22 36 7 12 19 JS 

LS 18 HKP 11 22 33 4 15 19 o 1 1 17 21 38 6 11 17 0 o 0 lS 

MS Linear 9 21 30 o 5 5 o o 0 12 21 33 1 9 10 0 o 0 M~ 


MY 2B PKP 10 22 32 4 14 18 o o 0 16 21 37 5 12 17 0 o 0 M'I 

JW 18 LKP 21 25 46 13 24 37 6 18 24 21 25 46 15 24 39 5 15 20 JV\ 

GS 18 LKP 17 25 42 6 19 25 o 2 2 21 25 46 11 24 35 4 7 11 m 

MA 2B LKP 19 21 40 9 19 28 o 1 23 25 48 12 17 29 2 2 4 
 MI 

WN 28 PKP 11 22 33 9 18 27 o 3 3 12 25 37 5 11 16 2 o 2 
 WI 

EL Linear 12 23 35 7 20 27 o o 0 22 24 46 12 24 36 2 3 5 
 El 

LP = low predictabiiity, HP high predictability, T = total, SP signal processing. 

1 B LKP =one band low kneepoint; 2B LKP =two band tow kneepoint; 1 B HKP one band high knee point; 1 B PKP one band 


programmable kneepoint; 2B PKP two band programmable kneepoint. pre 
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APPENDIXB 

",s' Individual SPIN Scores for the Six Signal-to-Noise Ratios for Sites I and II for Senso es, 

T 

o 
30 
26 
11 
23 
24 
38 
25 
8 

16 
26 
3 

13 
32 
o 
6 

16 
5 

35 
36 

8 
o 
1 

19 
o 

:18 
:16 
17 
5 
9 
o 

19 
o 
o 
o 

)0 

11 
4 
2 
5 

Listed by Type of Signal Processing 

72/65 65/65 58/65 82/75 75/75 68/75 

Subject SP LP HP T LP HP T LP HP T LP HP T LP HP T LP HP T 

Site I 
GE Linear 11 24 35 10 20 30 o o 0 9 24 33 4 15 19 0 0 o 
FF Linear 14 24 38 3 11 14 6 7 13 10 19 29 11 20 31 6 15 21 
80 18 HKP 17 25 42 12 22 34 8 14 22 14 24 38 5 15 20 11 13 24 
NR Linear 15 23 38 8 24 32 o 7 7 17 25 42 11 24 35 3 17 20 
K8 Linear 18 25 43 13 23 36 7 22 29 19 25 44 21 24 45 11 21 32 
MS Linear 17 25 42 10 24 34 o 10 10 15 25 40 15 24 39 1 14 15 
SS 18 LKP 22 25 47 17 24 41 13 23 36 22 25 47 18 25 43 16 23 39 
CW 18 LKP 17 25 42 9 20 29 3 8 11 20 25 45 11 23 34 6 17 23 
AH 2B LKP 20 25 45 14 24 38 8 19 27 18 24 42 9 25 34 5 16 21 
JO 28 LKP 13 25 38 9 20 29 8 14 22 17 25 42 11 16 27 2 15 17 
NT 2B LKP 21 25 46 14 24 38 8 15 23 18 24 42 14 25 39 11 22 33 
JE 28 LKP 18 25 43 10 25 35 3 11 14 17 24 41 16 24 40 1 15 16 
HK Linear 19 23 42 4 18 22 7 8 12 23 35 3 22 25 0 11 11 
JH 2B LKP 22 25 47 20 25 45 7 20 27 24 25 49 25 24 49 16 21 37 
BA 2B LKP 17 25 42 8 20 28 5 5 10 16 25 41 3 4 7 8 20 28 
AS 1B LKP 16 25 41 14 24 38 7 10 17 16 24 40 12 21 33 2 9 11 
DR 28 LKP 18 25 43 19 25 44 7 20 27 16 24 40 17 24 41 8 15 23 
TK Linear 15 25 40 8 16 24 2 3 17 24 41 1 12 13 o 1 1 
NS 18 LKP 21 25 46 13 25 38 11 20 31 21 25 46 19 25 44 10 23 33 
JM Linear 22 25 47 19 25 44 11 23 34 21 25 46 20 25 45 10 23 33 

Site /I 
MB 1B PKP 13 25 38 6 12 18 2 6 8 23 24 47 9 19 28 
H8 1B PKP 15 25 40 2 10 12 o o 0 14 25 39 5 13 18 
DC 2B PKP 10 23 33 7 8 15 o 5 5 19 24 43 9 24 33 
MF 1B LKP 17 24 41 8 23 31 4 8 12 17 25 42 9 19 28 
FH 28 LKP 19 23 42 13 23 36 5 6 11 21 25 46 14 22 36 
SJ 28PKP 22 25 47 13 25 38 5 13 18 22 25 47 12 23 35 
JK Linear 21 25 46 17 25 42 4 13 17 23 25 48 18 25 43 
NL 1B PKP 21 23 44 8 21 29 5 12 17 25 24 49 20 25 45 
SL Linear 17 25 42 7 18 25 4 9 13 19 24 43 9 16 25 
TL 28PKP 9 24 33 6 12 18 2 6 8 23 25 48 9 14 23 
AM 1 B PKP/28 LKP 6 23 29 7 19 26 1 3 4 13 24 37 1 17 18 
JS 1B LKP 18 23 41 14 23 37 4 9 13 19 24 43 14 22 36 
LS 1B HKP 13 24 37 3 14 17 o o 0 14 25 39 11 20 31 
MS Linear 12 24 36 4 16 20 o o 0 13 23 36 5 14 19 
MY 28 PKP 11 23 34 5 13 18 o o 0 16 25 41 7 14 21 
JW 1B LKP 19 25 44 12 24 36 6 14 20 17 25 42 17 24 41 
GS 1B LKP 18 25 43 11 16 27 o o 0 15 25 40 9 16 25 
MA 2B LKP 22 25 47 4 17 21 o o 0 24 23 47 15 21 36 
WN 2B PKP 15 23 38 7 23 30 7 8 17 22 39 12 22 34 
EL Linear 13 20 33 6 13 19 o o 0 15 23 38 5 13 18 

LP low predictability, HP high predictability, T total, SP signal processing. 
18 LKP = one band low kneepoint; 28 LKP = two band low kneepoint; 18 HKP = one band high kneepoint; 18 PKP = 

programmable kneepoint; 28 PKP two band programmable kneepoinL 

3 
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o 
4 
6 
5 
8 
3 
3 
3 
o 
5 
o 
o 
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3 
8 
3 
4 

7 
o 
4 
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7 

15 
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16 
4 
7 
3 
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APPENDIXC 

Individual SPIN Scores for the Six Signal-to-Noise Ratios for Sites I and II and Senso 
C9, Listed by Type of Signal Processing 

72165 65165 58165 82175 75175 68175 

Subject SP 

Site I 
GE Linear 16 24 40 14 25 39 5 20 25 16 24 40 16 25 41 12 24 36 
FF Linear 21 25 46 16 24 40 5 18 23 21 25 46 19 21 40 13 25 38 
BD 1B HKP 20 25 45 16 25 41 11 22 33 23 25 48 18 25 43 14 24 38 
NR Linear 22 25 47 16 25 41 11 25 36 20 25 45 19 25 44 15 25 40 
KB Linear 24 25 49 15 25 40 11 22 33 18 25 43 15 25 40 14 24 38 
MS Linear 20 25 45 18 25 43 14 24 38 21 25 46 18 24 42 8 25 33 
SS 1B LKP 21 25 46 21 25 46 20 25 45 24 25 49 23 24 47 18 25 43 
CW 18 LKP 24 25 49 20 25 45 15 25 40 21 25 46 18 24 42 14 25 39 
AH 2B LKP 25 25 50 16 25 41 13 25 38 23 25 48 17 25 42 16 25 41 
clD 28 LKP 16 25 41 19 25 44 13 22 35 20 25 45 16 24 40 16 24 40 
NT 28 LKP 20 23 43 21 24 45 15 23 38 19 25 44 17 25 42 21 25 46 
JE 2B LKP 18 25 43 16 24 40 9 24 33 20 25 45 16 25 41 11 24 35 
HK Linear 18 25 43 15 24 39 11 24 35 15 25 40 14 25 39 14 24 38 
JH 28 LKP 24 25 49 23 25 48 22 24 46 25 25 50 19 25 44 23 25 48 
BA 28 LKP 19 25 44 17 25 42 9 21 30 19 25 44 15 25 40 14 24 38 

Ii 	 AS 18 LKP 19 25 44 12 24 36 12 23 35 19 24 43 17 24 41 9 18 27 
DR 28 LKP 21 25 46 20 25 45 16 25 41 20 25 45 20 24 44 10 24 34 
TK Linear 19 24 43 15 24 39 9 20 29 18 25 43 14 23 37 11 20 31 
NS 18 LKP 24 25 49 22 25 47 17 25 42 19 25 44 21 25 46 20 25 45 
JM Linear 21 25 46 23 25 48 19 25 44 22 25 47 23 25 48 20 24 44 

Site /I 
MB 18 PKP 23 25 48 8 15 23 23 24 47 23 24 47 17 24 41 7 15 22 
H8 18 PKP 19 25 44 14 24 38 6 16 22 15 25 40 15 24 39 0 9 9 
DC 28 PKP 16 22 38 5 21 26 7 7 14 15 25 40 5 23 28 0 7 7 
MF 18 LKP 21 25 46 13 24 37 9 21 30 20 25 45 16 25 41 10 18 28 
FH 28 LKP 23 25 48 16 24 40 7 11 18 21 25 46 20 24 44 4 13 17 
SJ 28 PKP 25 25 50 22 25 47 1725 42 25 25 50 25 25 50 15 25 40 
JK Linear 23 25 48 21 25 46 11 22 33 20 25 45 18 25 43 14 22 36 
NL 18 PKP 21 25 46 16 25 41 7 17 24 23 25 48 20 25 45 15 20 35 1SL Linear 21 24 45 15 23 38 5 16 21 19 25 44 17 23 40 8 16 24 
TL 28 PKP 24 25 49 20 25 45 11 18 29 24 25 49 24 25 49 7 18 25 
AM 1B PKP/28 LKP 19 25 44 11 23 34 8 18 26 20 25 45 14· 25 39 7 18 25 19 
JS 18 LKP 24 25 49 17 23 40 10 21 31 21 25 46 21 24 45 10 22 32 
LS 18 HKP 17 24 41 6 25 31 9 16 25 17 25 42 17 22 39 3 15 18 
MS Linear 16 25 41 9 18 27 3 6 9 17 25 42 10 25 35 5 5 10 
MY 28 PKP 21 24 45 15 23 38 8 18 26 21 24 45 15 24 39 12 18 30 19 
JW 18 LKP 21 25 46 17 25 42 20 23 43 24 25 49 14 24 38 5 17 22 
GS 18 LKP 18 25 43 16 25 41 2 13 15 18 25 43 11 24 35 4 15 19 at 
MA 28 LKP 20 25 45 16 24 40 14 16 30 23 25 48 18 24 42 7 21 28 H:
WN 28 PKP 20 25 45 16 25 41 12 21 33 20 25 45 17 24 41 9 17 26 
EL Linear 16 24 40 13 24 37 4 16 20 19 24 43 18 22 40 6 10 16 

CO 
LP = low predictability, HP high prediclability, T total, SP =signal processing. 

fa18 LKP =one band low knee point; 28 LKP = two band low knee point; 18 HKP =one band high kneepoint; 18 PKP = one band 
programmable kneepoint; 28 PKP = two band programmable kneepoint. ul 
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